We report an all-solid-state supercapacitor with device fabrication by a simple vacuum thermal evaporation method, which allows not only a multilayer stacking structure to further enhance the capacitance, but also permits the supercapacitor to be easily incorporated with other electronic devices, showing interesting characteristics for both fundamental study and practical applications. Discussions about the mechanism of the supercapacitor is given. © 2005 American Institute of Physics. ͓DOI: 10.1063/1.2051797͔
Electric double-layer capacitors ͑EDLCs, or electrochemical supercapacitors͒, 1 originally consisting of liquid electrolytes, have been widely regarded as energy storage devices for memory backup systems that can provide power during the temporary failures of primary power sources. Recently, all-solid-state supercapacitors have generated much attention. [2] [3] [4] [5] Carbon materials, such as activated carbons, 6 carbon fibers, 7 carbon aerogels, 8 and carbon nanotubes 9 have been used as EDLC electrodes because of their high surface area. The carbons electrodes may be formed by carbonization of polymers, 10 or prepared as pellets by pressing a mixture containing carbons and binder. Solid-state electrolytes, 5 such as yttria-stablized zirconia composite, 2 organic-inorganic nanocomposite materials, 4 and Nafion®-based polymers, 5 were used for the formation of all-solidstate supercapacitors. The formation of the solid-state supercapacitors reported up to date involves solution processing, high-pressure pressing, high-temperature sintering, and sputtering techniques. The polymer membrane and electrode assembly was generally obtained by contacting face to face membrane and electrode pressing. 5 In addition to the application of energy storage devices, supercapacitors may also be used as building block in electronic devices, where small dimensions and ease of fabrication are required in order to be incorporated with other electronic cells. In this letter, we report the formation of supercapacitors by a simple thermal evaporation method, which is ideal in combination with organic electronic devices such as organic diodes, 11 organic light-emitting diodes, 12 and organic memory devices. 13 The high density of storage charges of the supercapacitor cell may have effects on its associated active cell and exhibit interesting phenomenon. 14 This opens a way for new electronic devices and their applications.
The capacitor structure we studied here is the same as the traditional capacitor, with a dielectric layer sandwiched between two electrodes as shown in the top-right inset of Fig. 1 . The dielectric material used here is lithium fluoride ͑LiF͒, and the electrode materials may be gold ͑Au͒, aluminum ͑Al͒, and copper ͑Cu͒. In the letter, we focus on using Cu for both the top and bottom electrodes since Al may have some chemical reaction with LiF and may cause device degradation. 15 Vacuum thermal evaporation methods were used for device fabrication. Materials were purchased from Aldrich and they were used as received. Cu was first deposited on a precleaned glass substrate as the bottom electrode, followed by the LiF layer and the top electrode layer. The device area was definied by the crossover between the top and bottom electrodes. During deposition the chamber vacuum was approximately 1 ϫ 10 −6 Torr. All the deposited layers were finished in sequence without breaking the chamber vacuum. The capacitance of the devices were measured by using an HP 4284A precision LCR meter. The transient charging measurement was done by using an HP 214B pulse generator and a TDS 460 oscilloscope. The surface morphology of both the electrode and LiF layer were measured using atomic force microscopy ͑AFM͒. The relative humidity ͑RH͒ dependence of device capacitance was controlled and measured by introducing water vapor in an environmental chamber using pure nitrogen gas as the carrier. All the measurements were done at room temperature.
The capacitance of our devices turns out to be unexpectedly higher than regular capacitors, and shows strong RH dependence. Figure 1 shows the frequency dependence of the device-specific capacitance with 30 mV detecting ac voltage under RHs of 34% and 80%, respectively. It can be seen from Fig. 1 sured at 80% RH is about 1.5 orders in magnitude higher than that measured at 34%. The specific capacitance measured at 80% RH at 25 Hz is about 10 F/cm 2 , which is about 400 times higher than a regular LiF capacitor ͑taking the dielectric constant of LiF as 9 and the thickness of the LiF layer is 320 nm, the specific capacitance of a regular LiF capacitor is about 0.025 F/cm 2 ͒. It can also be seen from Fig. 1 that the capacitance of the device is frequency dependent. At a frequency above 10 kHz, the capacitance decreases tremendously, indicating that the capacitor's speed is around 10 kHz under 30 mV ac detecting voltage bias and possibly ion transport within the device limits the speed. It should be noted that when dc bias is applied to the capacitor, the capacitance of the device usually increases considerably, leading to a specific capacitance of the capacitor in the range of tens of F/cm 2 , which is typical for electrochemical supercapacitors. 1 We also varied the thickness of the LiF layer from 50 to 350 nm during device fabrication, and found that both the capacitance and the resistance of the device show a very weak relationship with the LiF thickness ͑in 150-350 nm thickness range, Fig. 2͒ . Therefore, the huge capacitance must come from the interfaces of the devices rather than, as in a regular capacitor, being related to the materials dielectric constant and film thickness. It should be mentioned that when the LiF thickness is below 50 nm, the capacitor may be subject to electrical shorts because of Cu diffusion. In addition, we did not put a separator within the LiF layer, which leads to the supercapacitor having leakage current in the nano-to microampere range.
The speed of capacitor is an important parameter for both fundamental study and applications. The frequency dependence of the device capacitance shown in Fig. 1 indicates that our capacitor speed under 30 mV ac detecting voltage condition is around 10 KHz. We also detect the capacitor speed by applying a square voltage pulse, and measure the charging current of the device through a read resistor ͑R read =1 K⍀, inset of Fig. 3͒ . Since the charging or discharging time is dominated by the RC time constant, and R read is much smaller than the device resistance, R can be replaced by R read . Hence, we can approximately derive the device capacitance from the time-dependent charging current. Since the capacitance C may be time dependent in the transient response to the applied voltage pulse, we can cut the 50 s charging window into several parts ͑0-2, 2-4, 4-10, and 10-50 s͒. In each part, the capacitance of the device can be taken as a constant, so that we can use the equation, I = I a exp͑−t / RC͒ + I o , to fit the charging current in each part and find out the corresponding capacitance C͑t͒. By fitting the time-dependent charging current in various time ranges of the inset of Fig. 3 , it was found that the capacitance of the capacitors is very small within 2 s after applying the 2.6 V voltage pulse. The capacitance then increases quickly with time until it reaches the time range of 10-50 s where the capacitance reaches an almost stable value ͑35 F/cm 2 , Fig.  3͒ .
From this analysis, we found that our capacitors show a very large specific capacitance, which has a strong dependence on the relative humidity and nearly no dependence on LiF-layer thickness. AFM images ͑not shown here͒ show that the surface of both the Cu and LiF film have a nanocluster structure. The rms roughnesses of the LiF film are about 2.9 nm and 2.7 nm for the Cu film surface. Comparing with high surface carbon electrodes, 1 the Cu-electrode surface of our supercapacitor is not high. By increasing the surface area of the electrodes, we anticipate higher specific capacitance for our devices.
We proposed a double-layer model for explaining the anomalous capacitance in Cu/ LiF / Cu system, as shown in Fig. 4 . Since LiF has a certain solubility in water ͑0.1%, at room temperature͒, 16 when moisture is absorbed in the LiF film, a small amount of LiF is dissolved into lithium cations and fluoride anions. Under bias, the lithium cations will move along the applied external electric field direction and accumulate at the cathode/LiF interface on one hand. On the other hand, fluoride anions will move against the direction of the applied electric field and accumulate at the anode/LiF interface. As a result, positive charges and negative charges are accumulated on the anode and cathode plate, respectively. Hence, a double-layer supercapacitor is formed, which is the same principle as traditional electrochemical supercapacitors. 1 Most of the potential applied drops across the double-layer interfaces, and the double-layer charges provide a huge capacitance. Therefore, both the capacitance and the resistance of the device show very weak relation with the LiF thickness.
The beauty of our supercapacitor is that the fabrication processing is performed by only vacuum thermal evaporation methods. Therefore, it is easy to stack the supercapacitors vertically to form a multilayer case for enhanced capacitance. We have fabricated a six-cell Cu/ LiF / Cu device with the cathodes and anodes of each cell connected, respectively. The specific capacitance of the device reaches as high as 205 F/cm 2 at 25 Hz, 2 V dc bias and 50% RH condition ͑not shown here͒.
Another fascinating aspect of our supercapacitor is that it can be easily incorporated with other electronic devices, showing interesting electrical or optical characteristics and performance. One example is that when the supercapacitor was incorporated with an organic diode, a vertical organic field-effect transistor was formed ͑inset of Fig. 5͒ . The middle electrode, shared by the supercapacitor cell and the organic cell, is defined as the source electrode, the other electrode of the supercapacitor is defined as the gate electrode, and the remaining diode electrode is defined as the drain electrode. With a very thin and rough source electrode we have built uniquely structured high-performance organic transistors.
14 Figure 5 shows the typical gate voltage dependence of the source-drain current, where the transistor shows low working voltage and high current output. Because of the thin and rough source electrode layer, there will be a remnant electric field at the source/organic interface when the capacitor cell is biased, which basically makes the transistor work. It should be mentioned that this supercapacitor works under humidity condition, while water may cause most organic electronic devices degradation. This issue may be solved by building in some water inside the ionic compound layer, so that the whole device can work under nonhumid environment. Details about this study are under investigation.
In summary, we have demonstrated an all-solid-state supercapacitor with the structure of metal/LiF/metal, which can be easily fabricated in one procedure by vacuum thermal evaporation methods. The supercapacitors showed specific capacitance up to tens of F/cm 2 , and relatively fast speed in the 10 kHz range. Experimentally, it was found that the device capacitance was almost LiF-thickness independent and showed a strong dependence on humidity. A doublelayer model of an electrochemical capacitor is illustrated to explain the device working principle. The fabrication of the supercapacitor is similar to that of organic electronic devices. As a result, the supercapacitor can be used as a building block and be easily incorporated with other electronic devices or circuits. This opens a way for electronic device applications, especially organic electronic devices. This work is supported by a research grant from the US Air Force Office of Scientific Research, Program Director Dr. Charles Lee. We would like to thank Dr. David Margolese for his help.
